INTRODUCTION
Limonia acidissima Linn, syn. Feronia limonia (Rutaceae) is a moderate-sized deciduous tree grown throughout India. The fruits are woody, rough and used as a substitute for bael in diarrheoa and dysentery [1] . The bark and leaves of the plant are used for vitiated conditions of vata and pita while the fruits are used for tumours, asthma, wounds, cardiac debility and hepatitis [2] . The fruit contains flavanoids, glycosides, saponins and tannins [3] . Some coumarins [4, 5] and tyramine derivatives [6] have also been isolated from the fruits of Limonia. The leaves were reported to possess hepatoprotective activity [7] while the fruit shells contain antifungal compounds, namely, psoralene, xanthotoxin, 2, 6-dimethoxybenzoquinone and osthenol [8] . The stem bark of the plant has yielded (-)-(2S)-5,3'-dihydroxy-4'-methoxy-6",6"dimethyl chromeno-(7,8,2",3")-flavanone along with several known compounds, including an alkaloid, five coumarins, a flavanone, a lignan, three sterols and a triterpene, which were found to possess antimicrobial activity [9] .
The process of wound-healing involves inflammation, cell proliferation and contraction of collagen lattice formation [10] . When wound occurs, it is accompanied (within a short time) by pain, reddening and oedema, which are the classical symptoms of inflammation. These symptoms are caused by the release of eicosanoids, prostaglandins, leukotrienes and reactive oxygen species (ROS). ROS is produced in high amounts at the site of wound as a defense mechanism against invading bacteria. At the same time, the process of wound healing may be hampered in the presence of free radicals (which can damage wound surrounding cells) or by microbial infection [11] . Hence, this study was undertaken to evaluate the wound healing and antioxidant activities of the methanol extract of Limonia acidissima in experimentally-induced wound in rats.
EXPERIMENTAL

Plant material
The ripe fruits of Limonia acidissima were purchased from a local market in Chennai, India, during the month of August 2008 and separated into pulp and shell .The plant was authenticated by Prof. P Jayaraman, a taxonomist at Plant Anatomy Research Centre (PARC), Tambaram, Chennai, India. A voucher specimen (no. SRMCP/07/08) has been deposited in the Department of Pharmacognosy, SRM College of Pharmacy for future reference. The fruit pulp was shade-dried, coarsely powdered using a cutter mill and stored in an air-tight, lightresistant container for further use.
Extraction
The fruit pulp powder was defatted with hexane using a Soxhlet apparatus. The defatted marc was further Soxhlet-extracted with methanol and the extract obtained was concentrated using a rotary flash evaporator. The extract yield was 23 %w/w on dry weight basis, and it was stored in a vacuum desiccator for pharmacological evaluation.
Drug formulation
The extract (0.5 g) was mixed with 9.5 g of simple ointment in a porcelain tile and transferred to a tightly-closed amber coloured container. Two types of drug formulations were prepared: For topical administration, 5% w/w ointment was prepared in simple ointment Base I.P. For oral administration, 200 and 400mg/kg suspensions of the extract was prepared in corn oil for administration orally by intragastric tube. 
Animals
Acute toxicity studies
Acute oral toxicity of the extract was determined using nulliparous, non-pregnant female mice. The mice (n=6) were fasted for 3 h prior to the experiment, administered a single dose of the extract in water and observed for mortality up to the 48th hour. Based on the short term toxicity studies, the dose of the test animals were determined as per OECD guidelines 423 [12] . All the animals were observed for lethal or toxic signs after giving doses of up to 2000 mg/kg. Healthy rats (n=6) were orally fed with increasing doses (5mg/kg to 2 g/kg) of the extract for 14 days. Doses up to 2 g/kg body weight did not produce any toxicity and mortality. Of the maximum tolerated doses, 10 and 20% were selected for the study.
Wound healing activity
For assessment of wound healing activity, excision, incision and dead space wound models were used. The animals were divided into nine groups of 6 animals each, with three groups each used for excision, incision and dead space wound models, respectively.
In the incision wound model, Group I (control) was untreated (control). Group II (reference standard) received topical application of 2 %w/w nitrofurazone cream twice a day for 21 days, while Group III (test) received topical application of 5 %w/w of the extract in Simple Ointment I.P. twice a day for both excision and incision models for 21 days. In the excision wound model [13] , Group I served as control (corn oil, 1ml/kg, topically).
Groups II and III received topical doses of 200 and 400 mg/kg of the extract, respectively, for 21 days. The animals were anaesthetized under light ether anesthesia and then the skin of the impressed area was excised to full thickness to obtain a wound area of about 500 mm 2 . The drugs were topically applied once a day until complete epithelization. The parameters studied were wound closure (measured at regular intervals of time to determine percent wound closure) and epithelization time (indicated by the formation of new epithelial tissue to cover the wound). Percent wound closure was recorded on days 4, 8, 12, 16, 20 and 21 until complete re-epithelialization was achieved. The day the scar peeled off without leaving any residual raw wound was considered the day complete epithelialization was attained.
In the incision model [14] , the rats were anaesthetized by anesthetic ether and two longitudinal paravertibral incisions of 6 cm length were made through the skin and cutaneous muscle at a distance of about 1.5 cm from the midline on each side of the depilated back. After the incision, the parted skin was sutured 1 cm apart using surgical thread (no. 000) and curved needle (no. 11). The wounds were left undressed. The drugs were topically applied to the wound once a day until complete healing occurred. The sutures were removed on the 8th (postwound) day. .
Determination of wound breaking strength
The skin breaking strength of the 10-day old wound was measured by the method of Lee et al [15) . The rats were secured to the operating table and a line was drawn on either side of the wound 3 mm away from the wound. Two Allice forceps were firmly applied to the line facing each other. One of the forceps was fixed, while the other was connected to a freely suspended lightweight polypropylene graduated container through a string run over to a pulley. Water was allowed to flow from the reservoir slowly and steadily into the container. A gradual increase in weight was transmitted to the wound site pulling apart the wound edges. The moment the wound just opened up, the water flow was arrested and the volume of water collected in the container (approximately equal to its weight) was noted. Three readings were recorded for a given incision wound and the procedure was repeated on the wound on the contra lateral side. The mean reading of the group was taken as the breaking strength for a given group.
Dead space wounds were created by implanting two pre-weighed sterilized polypropylene tube (2.5 length x 0.25 cm diameter) beneath the dorsal para-vertebral skin of the anaesthetized rats. The animals were divided into three groups of six animals each. Group I served as control and the animals received the vehicle for 10 days. Group II (test group) had the wound treated with the extract (200 mg/kg) for 10 days. Group III (test group) wound was treated with the extract (400 mg/kg) for 10 days.
On the 10 th (post-wound) day, the granulation tissues formed on the implanted tubes were carefully detached from surfaces of the tubes. The wet weight of the granulation tissue was noted. The breaking strength of granulation tissue was measured by the method of Lee et al [15] . Thereafter, the granulation tissues were collected, dried at 60 o C for 24 h and their dry weights were noted. The dried tissue was added to 5 ml 6 M HCl and kept at 110 o C for 24 h. The neutralized acid hydrolysate of the dry tissue was used for the determination of hydroxyproline [16] . Granulation tissue from the second tube was collected in phosphate-buffered saline for the estimation of antioxidant enzymessuperoxide dismutase (SOD) [17] and catalase [18] , while a piece of the wet granulation tissue was preserved in 10% formalin for histological studies. [16] Dry granulation tissue from both control and test groups were used for the estimation of hydroxylproline. Hydroxyproline present in the neutralized acid hydrolysate was oxidized by sodium peroxide in presence of copper sulfate, and subsequently complexed with pdimethylaminobenzaldehyde to develop a pink colour that was measured spectrophotometrically at 540 nm.
Estimation of hydroxyproline
Histopathological evaluation of wounded tissues
A portion of the granulation tissue was subjected to histopathological studies. The tissues were fixed in 10% neutral formalin solution for 24 h and dehydrated with a sequence of ethanol-xylene solution series [19] . The materials were filtered and embedded with paraffin (40 -60 0 C) and microtome sections of 5 µ thickness taken. The sections were again processed with ethanol-xylene solvent series and stained with hemotoxylin-eosin dye. The histopathological changes observed were photographed using a compound light microscope (Novex, USA)
Statistical analysis
The results were expressed as mean ± SEM of 6 animals in each group. The data were statistically evaluated by one-way ANOVA, followed by Dunnet's t-test for comparison of test groups with control. Values of p < 0.05 were considered statistically significant.
RESULTS
The methanol extract of the fruit pulp of L. acidissima was non-toxic up to a dose of 2000 mg/kg. Therefore, 10 and 20% of this dose was selected for the evaluation of wound healing activity.
Wound healing activity
In the excision wound model, as shown in Table 1 , the wound contracted progressively when treated with the extracts and the reference drug and required a mean period of 16.0 ± 0.8 days for optimum healing as evidenced by the shorter period required for eschar dropping. Thus the extracts promoted wound contraction significantly when compared with the control group.
The wounding healing results for the incision and dead space models are indicated in Table 2 . Breaking strength, hydroxyproline, granulation tissue weight, as well as SOD and catalase all increased significantly (p < 0.05), following treatment with the extract and standard drug, when compared with the control group. Thus, the extract not only promoted wound healing but also exerted anti-oxidant activity.
Histopathological evaluation
The photomicrographs of the granulation tissues obtained from the animal wounds are shown in Fig 1. The images revealed that while increased number of fibroblasts can be 
DISCUSSION
Wound healing or repair is a natural process of regenerating dermal and epidermal tissue, and may be categorized into three phases, viz, inflammation, proliferation and remodelling phase. In the inflammation phase, various growth factors such as tumour necrosis factor (TNF), interleukins (IL) are released to initiate the proliferation phase. The latter is characterized by angiogenesis, collagen deposition, granular tissue formation, epithelialization and wound contraction [20] . In the last phase, the levels of collagen production and degradation equalize, after which disorganized fibres are rearranged thus increasing the tensile strength of the wound [21] . The capacity of wound to heal depends, in part, on its depth, as well as on the overall health and nutritional status of the individual. Following injury, inflammatory response occurs and the cells below the dermis begin to increase collagen production. Later, the epithelial tissue is regenerated. It is well known that stages in healing, namely, coagulation, inflammation, microphasia, fibroblasts formation and collagenation, are intimately interlinked [22] . The process of wound contraction and epithelization is separate and independent. The activity of fibroblast is responsible for wound contraction and involves movement of entire dermis. Epithelization involves migration and proliferation of cells. It is known that stabilization of lysosomal membranes, inhibition of cellular migration and inhibition of fibroblast contraction are responsible for their anti-healing effects [23] . Thus, intervention in any one of these phases by drugs would eventually lead to either promotion or depression of collagenation, wound contraction and epithelization [24] .
In the present investigation, the methanol extract of L. acidissima at the doses of 200 and 400 mg/kg showed significantly increased healing by wound contraction, when compared to the control group. Increase in the breaking strength of the wound is indicative of improved collagenation which contributes to healing, enhances epithelization and promotes wound contraction by increasing granulation tissue weight due to infiltration of macrophages [25] .
Collagen is a major protein of the extracellular matrix and is the component that ultimately contributes to wound strength. Breakdown of collagen liberates free hydroxyproline and its peptide. Therefore, measurement of hydroxyproline could be used as an index for determining collagen turnover [26] . The extract-treated groups showed significant increases in the level of hydroxyproline, which is a reflection of increased collagen content. This was confirmed by histopathological examination of wound granulation tissue which showed a well-developed matrix in extract-treated groups with the collagen was well-organized a c b and bundles formed between the cells. There was also better neovascularisation in the extract-treated groups than in the wounded control groups.
Reactive oxygen species (ROS) play a vital role in wound healing and can trigger various beneficial oxygen free radicals. ROS also play an important role in the failure of ischaemic wound healing while antioxidants improve healing in ischaemic skin wounds [27] . Elevated lipid peroxide levels have also been demonstrated in certain inflammatory skin lesions such as wound and dermatitis [28] . Therefore, if a compound has antioxidant potential, it can be a good therapeutic agent for enhancing the wound healing process [29] . An increase in the levels of anti-oxidant enzymes (SOD and catalase) was observed in the granulation tissue of the extract-treated groups may also have contributed to the wound healing effect of the extract.
CONCLUSION
The present study indicates the wound healing and antioxidant activities of L. acidissima in experimental animal using incision, excision and dead space wound models. Further studies are going on in our laboratory to isolate and identify the active principles responsible for the wound healing and antioxidant activities of this extract.
